The design and optimization of turbine blades subjected to high temperature flows require the prediction of aerodynamic and thermal flow characteristics. A computation of aerothermal viscous flow model has been developed suitable for the turbine blade design process. The computational time must be reduced to allow intensive use in an industrial framework. The physical model is based on a compressible boundary layer approach, and the turbulence is a one-equation model. Special attention has been paid to the influence of wall curvature on the turbulence modelling. Tests were performed on convex wall flows to validate the turbulence model. Turbine blade configurations were then computed. These tests include most difficulties that can be encountered in practice : laminar-turbulent transition, separation bubble, strong accelerations, shock wave. Satisfactory predictions of the wall heat transfer are observed.
INTRODUCTION
High performance gas turbines require a high turbine inlet temperature. The temperature levels reached in the first stages of turbines can lead to severe mechanical problems limiting the life of the components. Determining the best compromise between the thermal stresses and the Presented at the 1996 ASME Turbo Asia Conference
November 5-7, 1996-Jakarta, Indonesia aerodynamical performances is a major objective of turbine designers (Vuillez and Petot, 1994) and (Whalen, 1995) . The prediction of these flows using three-dimensional NavierStokes computations is now possible and current, due to modern computer capabilities (Amen i and Arnone, 1992), (Fougeres and Heider, 1994), (Boyle and Giel, 1995) . Nevertheless, the memory use and the CPU time are very important. This point is very critical for the thermal predictions which require very fine mesh near the wall. Thus, these types of calculation are not systematically used during the design process. With this goal in mind, a computational code was developed in order to predict the heat transfers on the turbine blades (Kulisa et al., 1990) . The CPU time must be reduced allowing intensive use while taking into account the majority of the physical phenomena. The present approach is based on the boundary layer concept. Although turbine blabe flows are characterized by strong accelerations, adverse pressure gradients or separated regions may occur. A viscous-inviscid flow interaction was included to compute these regions. Special attention has been paid to ensure the numerical stability and the robustness of the calculation.
Wall curvature strongly affects the turbulent flow characteristics. Consequently, there is a significant change in the heat transfer level. A one-equation turbulence model is used and modified to account for curvature effects.
The code was calibrated and validated for various flow configurations to assess the accuracy of the aerodynamic results (Kulisa et al., 1992) . In this paper, detailed aerothermal validations are made for convex wall configurations. Then, two turbine test cases are presented. The calculated heat transfer coefficient is compared with experimental data for a rotor turbine blade and a high pressure stator blade.
PHYSICAL MODEL
The viscous flow model is based on the two-dimensional turbulent Reynolds-averaged Navier-Stokes equations. A thinlayer approximation is used to eliminate the diffusion terms in the x-direction. The equations are written in a compressible form. The conservation equation for the stagnation enthalpy h t is employed to incorporate the thermal effects. Moreover, a change of variables substitutes the stream function ly for the velocity normal component :
Thus, the partial differential equations for the viscous flow can be written in the following form : = qy is the heat flux, expressed as a function of the static temperature by Fourier's law. The density p is not considered to be a global unknown. The nature of the fluid does not appear explicitly in the equations. This feature may be used in order to treat fluids other than perfect gases, with no modification to the equations. However, for the applications presented in this paper, the density will be calculated from the perfect gas law as a function of the stagnation enthalpy and the velocity. The molecular viscosity 4 is determined by Sutherland's law.
Ue is the velocity at the outer edge of the boundary layer. For the classical boundary layer procedure, the socalled direct mode, the invicid velocity Ue is prescribed. This procedure is not stable when strong decelerations or separations occur, and this kind of flow may locally appear on a turbine blade. Thus, the inviscid velocity Ue is considered to be an additional unknown. 
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The dissipation rate e is calculated from k and a length scale l e by the well-known relation :
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Turbine rotor blade
The flow develops on a turbine rotor profile mounted in a transonic linear cascade configuration in the CT2 Von Karman Institute facility, (Arts, 1985) . Measured Mach number distribution is plotted in Fig. 6 for the suction side and for the pressure side. The flow is transonic or supersonic on the major portion of the blade with the outlet Reynolds number equal to 10 6 . The wall temperature reaches 296K, whereas the external flow temperature is 422K. Measured upstream freestream turbulence intensity is 0.8%. to the shock wave position. This stabilization in a transitional state is confirmed by the almost constant level of h in this region. The turbulence modelling is not able to simulate this physical phenomenon. Consequently, the calculated heat transfer coefficient continues to decrease. Through the shock, the heat transfer evolution is well predicted. After the shock wave (s / sma, a 0.5), a fully turbulent boundary layer develops. On the pressure side, the heat transfer has the same evolution as for Re2 =3 10 6 , except the main level of h is lower. The computed results agree well with the experimental data. For the computations, the mesh density is approximately the same, containing 50 planes in the xdirection and 40 grid points in the y-direction normal to the wall. The CPU times are less than 1 minute on a workstation Silicon Graphics Indigo2.
CONCLUSIONS
A modelisation of viscous flows on turbine blades was developed based on boundary layer equations. Curvature effects were introduced in the one-equation turbulence model. The results are satisfactory in the curved region but discrepancies may be observed in the recovery region where history effects exist.
The capability of the method to predict the heat transfer on real turbine blade configurations, is presented with physical phenomena well reproduced. Calculation stability is demonstrated, even for a separation bubble and strong decelerations due to shock wave impingement. The weakness of the turbulence model may be noted for strongly accelerated flows. Future work will focus on this subject.
